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THEORETICAL  MODELING  OF  THE  PLASMA  EROSION 
OPENING  SWITCH  FOR  INDUCTIVE  STORAGE 
APPLICATIONS 


I.  Introduction 

Recent  experiments  have  demonstrated  that  the  plasma  erosion  opening 

switch  (PEOS)  can  be  used  as  a  fast  opening  vacuum  output  switch  on  existing 

L 

pulsed  power  generators.  As  much  as  '-600  kA  of  current  has  been  conducted 

through  the  switch  for  up  to  60  ns  before  being  diverted  to  a  load  in  less 

chan  10  ns.  Terrawatt -level  pulsed  power  applications  for  such  switches  are 

manyfold  including  prepulse  suppression,  *  risetime  sharpening,  ’  inductive 

storage  and  power  multiplication  through  pulse  compression.^  Previous 

2 

experiments  were  successful  in  suppressing  prepulse  with  similar  switches  and 
suggested  the  possibility  of  the  present  opening  switch  work  for  inductive 
storage  applications. 

Opening  switch  research  for  similar  time  scales  is  also  being  pursued 
using  other  techniques.  These  include  among  others  the  e-beam  controlled 

4  5  g 

switch,  the  plasma  flow  switch,  dense  plasma  focus  switch  and  the  reflex 
switch. ^  Each  switch  uses  a  different  technique  for  rapidly  Increasing  its 
impedance  after  carrying  large  currents  for  some  conduction  time.  Each 
operates  in  a  different  current  and  voltage  regime  and  has  a  conduction  time 
ranging  from  tens  of  nanoseconds  to  hundreds  of  nanoseconds.  Switching  or 
opening  times  vary  from  nanoseconds  to  hundreds  of  nanoseconds.  The  PEOS  is 
of  particular  interest  because  it  is  a  vacuum  switch  which  provides  the 
appropriate  conduction  time  (~100  ns)  and  opening  time  (~10  ns)  at  high  power 
('•1  TW)  for  Inductive  storage  applications  using  a  state-of-the-art  pulsed 
power  generator  as  the  current  charging  device. 

Manuscript  approved  August  30, 1983. 


System  requirements  for  pulse  compression  and  power  multiplication  using 
inductive  storage  techniques  are  outlined  in  Section  II  of  this  paper.  A 
simple  lumped  circuit  analysis  is  used  to  obtain  these  requirements  and  then 
transmission  line  effects  are  discussed.  In  Section  III  the  model  that  is 
used  to  describe  the  operation  of  the  PEOS  is  presented.  Scaling  laws  for  the 
switch  are  derived  in  Section  IV  and  these  are  used  to  show  that  the  PEOS 


satisfies  the  switch  requirements  found  in  Section  II.  Results  from  a 
transmission  line  code  analysis  incorporating  the  PEOS  model  are  given  in 
Section  V  and  compared  with  experimental  data  in  Section  VI.  A  discussion  of 
the  results  of  this  work  is  given  in  Section  VII. 

II.  System  Requirements 

Assume  that  one  would  like  to  design  an  inductive  storage  system  which 
will  provide  for  pulse  compression  and  power  multiplication  of  the  output 
pulse  from  a  high  power  accelerator.  For  a  given  accelerator  the  storage 
inductance,  load  resistance  and  inductance,  and  opening  switch  characteristics 
should  be  chosen  in  order  to  maximize  the  energy  transfer  from  the  accelerator 
to  the  load  while  obtaining  the  desired  pulse  compression  and  power 
multiplication.  Important  switch  characteristics  include  the  switch  opening 
time  and  the  initial  and  final  switch  resistances.  First  a  simple  lumped 
circuit  analysis  is  used  to  derive  expressions  for  the  relevent  timescales, 
the  peak  load  power  and  the  energy  transfer  efficiency  for  such  a  system. 
Then  a  simple  transmission  line  analysis  is  used  to  illustrate  transit  time 
effects  which  are  not  included  in  the  lumped  circuit  analysis. 


A.  Lumped  Circuit  Analysis 

System  requirements  for  pulse  compression  and  power  multiplication  using 

inductive  storage  techniques  can  be  best  understood  by  analyzing  the  simple 

lumped  circuit  shown  in  Fig.  1.  At  time  t*0  it  is  assumed  that  the  storage 

inductor  L  is  current  charged  to  I  (0)*I  by  the  generator  whose  open  circuit 
1  io 

voltage  now  drops  to  zero.  In  order  to  efficiently  charge  the  inductor,  is 

chosen  so  that  L./R  ~T  where  t  is  the  generator  pulse  duration  and  R 

1  g  P  p  g 

represents  the  generator  impedance.  The  switch  Impedance  which  until  this 

time  was  assumed  to  be  zero,  now  rises  instantaneously  to  a , value  Rg.  A  small 

Inductor,  1*2,  placed  between  the  switch  and  the  load  resistance,  R^, 

represents  the  finite  inductance  required  for  the  feed  between  the  switch  and 

the  load.  Initially  the  current  ^(O^O.  The  opening  time  of  the  switch, 

T  ,  which  is  defined  to  be  the  time  for  the  switch  impedance  to  rise  from  its 
op 

initial  small  value  to  its  final  large  value,  has  been  assumed  to  be  zero. 
The  risetime  of  the  load  current,  which  will  be  called  the  switching  time,  Tg, 
is  not  instantaneous  and  depends  on  the  switch  and  load  characteristics.  In 
general  Tg  is  finite  and  Tg^Top^P.  Thus  energy  will  be  lost  to  switch  heating 
as  current  flows  through  the  switch  during  the  switching  time.  One  objective 
for  designing  an  optimum  switching  system  is  to  minimize  this  energy  loss. 

When  t  >  0,  the  circuit  equations  for  I^(t)  and  12(f)  are 


th  +  VVdt  +  wv  > 

(1) 

:tl2  ♦  L2«2/dt  +  WV  • 

(2) 

For  simplicity  the  open  circuit  voltage  on  the  left  hand  side  of  Eq.  (1)  has 
been  set  to  zero  at  the  time  the  switch  begins  to  open  (i.e.  at  t*0).  The 


This  expression  is  simplified  in  the  limits  that  R  is  much  larger  than  R  or 
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Rg  and  that  is  much  larger  than  L2«  The  first  condition  states  that  the 

switch  opens  to  an  Impedance  larger  than  the  other  impedances  in  the  circuit 

and  therefore  allows  the  current  to  switch.  The  second  condition  follows  from 

the  requirements  that  the  inductance  Is  large  for  storing  energy  and  L2  is 

small  so  that  the  load  current  can  rise  rapidly.  In  these  limits 

T+  ■  V*. 

(4a) 

T  --Li/(Rg  +  V  • 

(4b) 

with  T+«T  . 

Using  the  initial  conditions,  Ij(0)«I  and  I2(0)«0,  one  finds 

that 

[exp  (-t/x_)  *^exp  (-t/T+)l  , 

(5) 

I2(t)__(Li+L^) 

[exp  (-t/T_)  .  exp(-t/T+)]  , 

(6) 

and  that  the  switch  current  Ig«I^-l2  is  given  by 

IS(t)^Io  exP(-t/T+)  •  (7) 

In  this  case  the  switching  time  t  «T  .  Because  T,«T  ,  the  pulse  width  of  the 


load  current  scales  roughly  as  x_,  so  that  the  output  pulse  width  is  just  the 
decay  time  of  the  storage  inductor  current  through  the  load  resistance  and 
generator  impedance.  One  sees  that  for  a  fast  output  risetime  the  choice  of 
small  I<2  and  large  Rg  were  appropriate.  In  addition,  the  ratio  of  the  input 
pulse  width  X  to  the  output  pulse  width  x_  is  T  /  T_  -  (R  +R, ) /R  .  Thus  for 

r  r  5  4  o 

larger  R,  the  output  pulse  width  is  narrower,  however,  the  narrowness  of  the 

x, 

output  pulse  width  is  limited  by  transmission  line  effects  as  discussed  in 
Sec .  IX .  B . 


The  power  delivered  to  the  load,  P  “^R^,  has  a  peak  value  of 

2  .2 


r£l:  i 


P  (L1+L2} 


(8) 


where 


x-RgL1/[L2(Rg  +  RJl)]»i. 


(9) 


This  power  level  should  be  compared  with  the  power  the  generator  can  deliver 

to  a  matched  load  (R^-R^,  L^”L2*0  and  R  ■«>)  in  order  to  assess  the  power 

multiplication.  For  a  square  wave  voltage  pulse  the  peak  power  into  a  matched 
2 

load  is  P  *V  /4R  ,  where  V  is  the  peak  open  circuit  voltage.  If  this  same 
m  o  g  o 

square  wave  open  circuit  voltage  of  duration  x^  is  applied  across  the  circuit 
in  Fig.  1  with  Rg*0,  the  current  in  the  inductor  is 


R  T  /L.  )1 

g  p'  1  ^ 


(10) 


The  power  multiplication  factor,  M-P  /P  ,  is  then 

p  m 
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»i 


I 


I 

II 


.  4R*  L1 
•*9  (L1+Lz)2 


1-exp(-  -4^)  2  (■- 1  N«)  *  >]) 


The  important  scaling  here  is  that  M  increases  linearly  with  R„/R  .  Thus  the 

*  g 

load  resistance  should  be  large  compared  with  the  generator  impedance  in  order 
to  achieve  high  power  multiplication. 

2 

The  energy  delivered  to  the  load,  E^,  is  just  the  integral  of  I7R^  from 
t-0  to  00 .  Using  Eqs.  (4),  (6)  and  (10),  one  finds 

L1  Vn  R2.  r  12  (12) 

E  s  - \ — 9 — l -  r  l-exp(-R  t  /L|)j  . 

1  ww  1  9P 

2 

Normalizing  this  to  the  energy  delivered  to  a  matched  load,  E  -V  t  /4R  ,  gives 

mop  g 

a  measure  of  the  energy  transfer  efficiency, 

1 [•■■’*])■]  -  «» 

There  are  three  sources  of  energy  loss.  First,  energy  is  reflected  back  into 

the  generator  during  the  charging  of  the  storage  inductor.  This  can  be 

associated  with  the  last  term  in  square  brackets  in  Eq.  (13).  Comparing 
2 

LI  /2  with  E  shows  that  a  maximum  of  '81.5Z  of  the  matched  load  energy  can 
1  o  m 

be  put  into  the  storage  inductor  during  the  charging  phase  and  this  is 

achieved  when  R^t^/L^l  .25.  Second,  from  Eqs.  (4a)  and  (7),  the  energy  loss 
.  2 

to  switch  heating  is  found  to  be  12^/2.  This  energy  loss  can  be  minimized  by 

making  L2  as  small  as  possible  compared  with  as  seen  from  the  middle  term 

In  square  brackets  in  Eq.  (13).  The  remainder  of  the  energy  loss  is 

associated  with  the  term  in  the  first  square  brackets  in  Eq.  (13)  and  is  due 

to  energy  being  absorbed  in  the  generator  after  the  switch  opens.  This  loss 

can  be  minimized  by  making  R.  large  compared  with  R  .  Thus  the  energy 

*  8 
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transfer  efficiency  is  maximized  when  R.  is  large  compared  with  R  ,  when  L»  is 

l  g  / 

small  compared  with  L,  ,  and  when  L,  is  chosen  juch  that  R  x  /L.,-1.25. 

1  1  g  P  1 

This  result  should  be  contrasted  with  the  special  case  of  switching 
current  from  one  inductor  to  another  with  no  resistive  elements  in  the  circuit 

other  than  the  switch.  In  this  case  R  =R0 =0  so  that  from  Eq.  (3) 

g  A- 

X^LjLj/fR  (I^+I^)]  and  “  ®  0.  The  currents  1^  and  I0  then  become 

Il’tLlIo/(Ll+L2)1[1+(L2/Ll)exp(_t/T+)]  and  I2-[L1I0/(I'1+L2)][l-exp(-t/T+)]. 

The  energy  lost  to  switch  heating  is  then  E  dt*L.  L0I2/2(L. +L- )  where 

°  sossl2ol2' 

I  "I.-I«,*I  exp(-t/t  )•  In  the  special  case  of  L  «L  half  of  the  stored 

s  1  2  o  +  r  12 

2 

energy,  Eo*LjIq/2,  is  lost  in  the  switch  when  it  is  opened.  However,  as  long 

as  L  «L  ,  the  switch  loss  is  small  (i.e.  E  /E  ~L»/L,  «1). 

2  1  s  o  2  1  ' 

The  results  of  this  lumped  circuit  analysis  show  that  in  order  to  obtain 

pulse  compression  and  power  multiplication  with  reasonable  energy  transfer 

requires  R  »  R„»  R  and  L_»  L.  .  The  risetime  of  the  load  current  is  then 
n  s  Jt  g  2  1 

T+  and  the  pulse  width  is  ~T  as  given  in  Eq.  (4).  In  a  real  system, 

however,  the  switch  does  not  open  instantaneously.  If  the  switch  opens  in  a 

time  x  >0,  then  the  switching  time,  T  ,  is  given  roughly  by  the  larger  of 
op  s 

and  T+.  If  T+^T0p»  then  the  switch  opening  time  is  the  dominant  factor  and 

T  »T  .  Clearly  x  must  be  small  compared  with  the  decay  time  of  the  load 

s  op  s 

current,  T_,  or  the  power  and  energy  to  the  load  will  be  degraded.  Thus  the 

smallness  of  T  /x  is  a  figure  of  merit  for  the  switch.  When  x  s:X  »x , ,  the 
s  —  S  op  T* 

expressions  derived  in  Eqs .  (11)  and  (13)  overestimate  M  and  E./E 

X  01 

respectively. 
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B.  Transmission  Line  Analysis 

In  addition  to  finite  opening  time  effects,  finite  transit  time  effects, 
which  are  not  incorporated  in  a  lumped  circuit  analysis,  can  also  play  an 
important  role  in  defining  system  requirements  and  setting  limits  on  the 
performance  of  the  system.  In  particular  these  effects  will  become  important 
when  the  switching  time  and  output  pulse  duration  become  comparable  with  or 
shorter  than  the  transit  times  of  the  elements  in  the  transmission  line.  To 
study  these  effects  let  the  storage  inductor  and  the  output  inductor  L^  in 
Fig.  1  be  replaced  by  transmission  line  elements  with  impedances  Z and  Z^, 
and  electrical  lengths  x^ -L^Z^  and  x^Lj/Z^  respectively.  With  the  switch 
closed  and  the  storage  inductor  current  charged  to  Iq,  a  forward  moving  wave 
of  voltage  V+»IqZ  /2  and  backward  moving  wave  of  voltage  V_— 1^/2  are 
superimposed  on  the  line.  The  voltage  at  the  switch  V  *V  +V  -0  and  the  switch 

ST"* 

current  I  *(V  -V  )/Z,*I  .  At  this  time  the  switch  is  opened. 

First  note  that,  if  the  switch  opens  on  a  timescale  faster  than  the 
roundtrip  transit  time,  2x^,  of  the  storage  inductor,  then  the  output  pulse 
duration  can  be  no  shorter  than  2x^.  To  illustrate  this  point  consider  the 
case  where  the  switch  opens  instantaneously  and  at  the  same  time  the  generator 
end  of  element  one  is  shorted.  The  forward  moving  wave  will  be  partially 
transmitted  and  partially  reflected  at  the  junction  between  elements  one  and 

g 

two.  The  transmission  coefficient  is  Cy*2Z2/  (Z2+Z^ )  anc*  reflective 

coefficient  is  cr*(Z2~Z1^Z2+Z1^  *  The  transmitted  wave  becomes  a  forward 
moving  wave  in  element  two  with  voltage  VT»CTV+  and  corresponding  current 
*T*Vt/Z2'  Assuming  for  the  moment  that  Z2«Zp  there  will  be  no  reflected  wave 
at  the  junction  between  elements  one  and  two.  The  original  backward  moving 
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wave  in  element  one  simply  inverts  as  it  reflects  off  the  shorted  end  at  the 

generator  side  and  moves  forward  immediately  following  the  initial  forward 

moving  wave.  The  net  result  is  a  forward  moving  wave  in  element  two  of  length 

2T1.  If  Z^Z^,  the  pulse  duration  as  measured  by  the  envelope  of  the  output 

voltage  would  be  lengthened  due  to  multiple  reflections  and  the  power,  P*I  V^,, 

2 

would  be  reduced  from  the  maximum  value  of  I  Z,/4  at  Z_=Z,. 

o  1  2  1 

In  order  to  prevent  reflection  at  the  load  end  of  element  two,  the 

transmission  line  should  be  terminated  with  a  matched  load  resistance  R  =*Z„  . 

J l  2 

For  R^»Z2“Z^,  all  the  energy  stored  in  element  one  before  the  switch  was 

opened  will  be  delivered  to  the  load  resistor  over  a  period  2x^,  at  a  power 
2 

level  of  IqZ^/4.  Thus  for  very  fast  switching  times  this  is  the  minimum  pulse 
width  and  maximum  power  that  can  be  obtained.  In  terms  of  inductances  this 
implies  the  system  should  be  designed  with  R^-I^/x^I^/x^ 

In  summary  the  system  requirements  obtained  from  the  simple  lumped 
circuit  analysis  for  optimum  pulse  compression  and  power  multiplication  using 

inductive  storage  are  L^M^,  and  Rs»R^»R^.  For  short  pulse  operation 

transit  time  effects  may  become  Important  requiring  ^or  0Pt*mu,,1 

performance.  In  addition  the  switch  requirements  are  threefold.  First,  the 
switch  must  be  able  to  conduct  large  currents  for  the  duration  of  the  charging 
time,  T  .  Second,  the  switch  should  be  able  to  change  its  resistance  from 

R  «  R  to  R  »  R„»  R  •  And  finally  this  change  must  occur  on  a  short 

timescale,  namely  x  «  Max  It  ,  2x.  }.  The  PEOS,  which  will  now  be  discussed, 
has  been  shown  to  have  these  properties  in  a  high  power  (^1TW)  operating 
regime . 1 
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III.  PEOS  Model 


The  PEOS,  as  used  In  recent  experiments,  consists  of  a  low  density 
13  -3 

carbon  plasma  (n^lO  cm  )  injected  through  an  anode  screen  of  length 
towards  the  cathode  of  a  coaxial  vacuum  transmission  line.  For  the  purposes 
of  this  model  it  is  assumed  that  the  plasma  uniformly  fills  this  annular 
region  and  that  the  conducting  plasma  provides  a  low  resistance  path  for 
current  flow.  The  plasma  drifts  towards  the  cathode  with  a  velocity 
v^-lO^cm/s.  Also  it  is  assumed  that  a  high  density  plasma  is  formed  on  the 
cathode  surface  and  provides  an  electron  source.  When  a  voltage  is  applied 


across  the  switch,  a  sheath  is  formed  near  the  high  density  plasma  on  the 

cathode  surface  and  the  switch  current  is  carried  across  this  sheath  in  a 

a 

bipolar  space-charge-limited  fashion.  The  current  flow  in  the  plasma  itself 
is  not  described  here  but  will  be  treated  in  future  work.  The  switch  model 
describes  the  switch  operation  independent  of  treating  plasma  phenomena.  It 
does  assume,  however,  that  the  current  flow  in  the  plasma  is  predominantly 


radial  so  that  radial  JxB  forces  on  the  plasma  are  negligible. 


The  operation  of  the  switch  can  be  described  by  four  phases:  the 

conduction  phase,  the  erosion  phase,  the  enhanced  erosion  phase  and  the 

magnetic  insulation  phase.  These  phases,  which  are  illustrated  in  Fig.  2, 

will  now  be  described  in  detail.  In  what  follows,  unless  specifically  noted, 

-19 

currents  will  be  in  units  of  amperes  with  e*L.6xlO  Coulombs,  voltages  will 
be  in  units  of  volts,  resistances  will  be  units  of  ohms  and  all  other 
parameters  will  be  in  CGS  units. 


CONDUCTION 

PHASE 


EROSION 

PHASE 


ENHANCED 

EROSION 

PHASE 


MAGNETIC 

INSULATION 

PHASE 


Figure  2^ -  Illustration  of  the  different  phase  of  PEOS  operation  showing  the 
conduction  phase,  the  erosion  phase,  the  enhanced  erosion  phase  and  the 
oagnetic  insulation  phase. 


During  Che  conduction  phase  (Rg-0),  ion  current  drawn  from  the  switch 
plasma  does  not  exceed  the  ion  flux  that  the  plasma  drift  is  supplying  to  the 
cathode.  This  is  illustrated  in  Fig.  (2a).  Here  it  is  assumed  chat  ocher 
sources  of  ion  flux,  such  as  ion  temperature,  are  small  compared  with  flux 
due  to  the  plasma  drift  motion.  Current  is  carried  across  the  sheath  at  the 
cathode  by  both  the  ions  (1^)  and  electrons  (Ig)  in  a  bipolar  space— charge- 
limited  fashion,  so  that 


[t  /VV 

‘e  ‘WJ 


where  Z  and  A  are  the  charge  state  and  atomic  weight  of  the  ions.  For  the  C 

plasma  found  in  the  switch*^,  I  /I  -.01,  so  that  the  electrons  carry  most  of 

i  e 

the  current,  i-e.  Ie-Ig.  Thus,  large  switch  currents  can  be  carried  before 
the  ion  current  becomes  comparable  with  the  ion  flux  provided  by  the  plasma 
drift.  The  conduction  phase  continues  until 


\mDv 


's  ”  2,)lrcVzV 


where  r^  is  the  cathode  radius  and  i  is  the  axial  length  of  the  plasma. 
Megampere  level  currents  have  been  carried  by  the  switch  plasma  in  this 
fashion.* 


Once  the  ion  current  begins  to  pull  more  ions  off  the  plasma  surface  than 
the  plasma  drift  can  supply,  the  surface  of  the  switch  plasma  begins  to  erode 
away  and  a  gap  forms.  This  Is  called  the  erosion  phase  and  is  illustrated  in 
Fig.  (2b).  During  this  phase  as  the  gap  opens  at  a  rate  of  >  v^  and  the 
switch  resistance  begins  to  increase  but  remains  at  a  relatively  small  value 


(<Ui).  The  gap  width  D  is  determined  by 


(16) 


dD/dt  =  l./2-nlr  n  eZ  -  v,  , 
i  c  p  d 

where  I^I  is  given  in  Eq.  (14), 

I  =  2.7  x  10"5  ir  Vc3/2/D2 — I 

is  Che  space-charge-limited  current  for  bipolar  flow  with  D/rc«  1  and  Vs ,  the 

voltage  across  the  switch.  This  phase  typically  lasts  a  few  nanoseconds  and 

ends  when  the  gap  becomes  larger  than  the  electron  Laraor  radius  that  is,  the 

magnetic  field  becomes  strong  enough  to  cause  significant  electron  orbit 

bending  in  the  gap.  Simulations  using  particle-in-cell  codes11  for  this 

geometry  show  that  this  occurs  when  the  switch  current  I  approaches  the 

critical  current  I  ,  so  that 

c 

I  =  1.36  x  104(y2-l)Js  r  /D  ,  (18) 

w  w  • 

where  y  is  the  electron  relativistic  gamma  factor  which  is  related  to  Vs 
through  y  «  1  +  1 . 96  x  10  . 

The  fast  opening  of  the  switch  begins  with  the  enhanced  erosion  phase 
when  the  gap  opens  rapidly  due  to  ion  current  enhancement  over  that  specified 
in  Eq.  (14)  for  one-dimensional  bipolar  flow.  This  enhanced  erosion  phase  is 
illustrated  in  Fig.  (2c).  When  the  current  exceeds  the  critical  current  as 
defined  in  Eq.  (18)  because  the  gap  has  opened  enough  for  this  geometry,  the 
electron  flow  becomes  two-dimensional  and  the  electron  space  charge 
distribution  is  altered  by  the  now  large  magnetic  field.  Electrons  E  x  B 
drift  axially  in  the  self-consistent  electric  and  magnetic  fields  in  the  gap, 
traveling  a  distance  -2  instead  of  just  crossing  the  gap,  D,  before  being 
absorbed  at  the  anode  (i.e.  the  switch  plasma).  This  new  electron  flow 
pattern  increases  the  electron  space  charge  near  the  plasma  surface  in  a 
similar  fashion  as  in  an  ion  diode  and  thus  greatly  enhances  the  ion 


(19) 


current.  The  enhanced  ion  current  becomes 


11 

This  result  is  confirmed  by  numerical  simulations  for  similar  geometries. 
Because  the  load  current  is  still  small  at  this  time,  electrons  eventually 
cross  the  gap  where  the  magnetic  field  falls  off  towards  zero  at  the  load  end 
of  the  switch  region. 

For  large  initial  2./D,  Eqs.  (16)  and  (19)  show  that  the  gap  opens 

g 

rapidly  under  these  conditions.  Opening  rates  of  '-10  cm/ s  are  attainable. 
The  total  current  in  the  switch  region  is  limited  to  Ic-  Larger  currents  are 
not  allowed  because  the  self-consistent  magnetic  field  would  prevent  electrons 
from  crossing  the  gap.  The  switch  resistance  is  then  -V  /I  which  increases 
with  the  rapidly  Increasing  gap,  D,  as  seen  from  Eq.  (18).  Since  the  large 
storage  inductor  holds  the  current  nearly  constant  on  this  short  timescale, 
the  rising  switch  resistance  also  results  in  a  rapid  rise  in  the  voltage 
across  the  switch  and  the  load  which  is  in  parallel  with  the  switch.  This,  in 
turn,  results  in  the  initiation  of  significant  load  current.  The  enhanced 
erosion  phase  typically  lasts  a  few  nanoseconds  and  ends  when  the  load  current 
becomes  large  enough  to  insulate  the  electron  flow  at  the  load  end  of  the 
switch  region. 

The  last  phase  of  the  switch  operation  is  the  magnetic  insulation  phase 
and  is  illustrated  in  Fig.  (2d).  As  the  load  current  increases  and  the 
electron  flow  at  the  load  end  of  the  switch  region  begins  to  be  insulated,  the 
electron  current  flowing  across  the  gap  in  the  switch  region  is  limited  to 
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(21) 


where  1^  Is  the  load  current  and  now 


[i  =  L45  x  10'  (srs )  ircvs  /D  • 

\  P  / 


which  is  the  one  species  space-charge-limited  ion  current.  The  ion  current  is 
no  longer  enhanced  because  of  the  bias  current  flowing  down  the  inner 
conductor  to  the  load  which  pulls  the  electrons  away  from  the  switch  plasma. 
When  I9>  I  ,  the  electron  flow  is  completely  Insulated  so  that  I  »0  and 

XT**  C  6 

I  »I,«  I  .  Electrons  emitted  from  the  cathode  either  return  to  the  cathode 
si  c 

or  flow  downstream  to  the  load.  The  voltage  across  the  switch  is  still  large 
while  the  switch  current  has  dropped  dramatically  so  that  the  switch 
resistance  has  now  reached  a  large  value.  Full  insulation  is  typically 
achieved  in  a  few  nanoseconds  after  which  the  switch  is  considered  open.  Note 
that  currents  as  large  or  larger  than  the  critical  current  are  required  to 
open  the  switch  in  this  fashion. 


The  model  presented  here  predicts  the  voltage,  current  and  impedance 
history  of  the  PEOS  as  a  function  of  the  input  waveforms,  geometry  and  switch 
parameters.  The  switch  remains  closed  during  the  conduction  phase  which  can 
last  for  tens  of  nanoseconds.  The  switch  opening  commences  with  the  erosion 
phase,  accelerates  during  the  enhanced  erosion  phase  and  is  completed  as  the 
magnetic  insulation  phase  begins.  The  entire  opening  phase  lasts  on  the  order 
of  10  ns.  In  the  next  section  this  model  will  be  used  with  a  simple  open 
circuit  voltage  waveform  to  derive  scaling  laws  for  the  switch  operation.  In 
Section  V  this  model  will  be  Incorporated  into  a  transmission  line  code  in 
order  to  numerically  model  switch  experiments. 
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IV .  Scaling  Laws 


In  order  to  design  a  PEOS  for  use  on  different  pulsed  power  generators, 
scaling  laws  are  necessary.  To  accomplish  this  a  simple  generalizing  open 
circuit  voltage  waveform  will  be  assumed  where 


V  =  V 
OC  0 


t/T  ,  0  <  t  <  T 
r  —  —  r 


1,  T  <  t  <  T 

r  -  -  p 


0,  t  >  r. 


and  where  T r  is  the  voltage  risetime  and  VQ  is  the  maximum  voltage.  The 

risetime  in  the  voltage  waveform  gives  a  more  realistic  model  for  scaling 

purposes  than  the  square  waveform  used  in  Section  II.  After  some  time  t  the 

P 

voltage  will  fall  off  to  zero.  It  is  assumed  for  the  present  inductive 

storage  applications  that  T  <t  <x  ,  where  t  is  the  conduction  time  of  the 

rep  c 

switch.  The  conduction  time  is  defined  to  be  the  time  from  t-0  until  the  ion 
current  flowing  in  the  switch  exceeds  the  ion  flux  provided  by  the  plasma 
drift. 


During  the  conduction  and  erosion  phases  the  switch  resistance  is  small 
compared  to  the  generator  impedance  so  that  to  first  order  the  switch  acts 
like  a  short  circuit  and  can  be  Ignored  in  analyzing  the  circuit.  The  circuit 
equation  then  is  simply 


V  =  R_I,  +  L,  dl,/dt 


where  Che  nocatlon  is  Che  saae  as  in  Fig.  1.  Note  chac  for  simpliciCy  an 
I  dL/dt  correccion  due  Co  axial  acceleraClon  of  Che  svicch  plasma  has  also 
been  oaicced.  Solving  Eqs.  (22)  and  (23)  wich  1^(0) «0  yields 


Vo 

Vr 


&  • ')  * exp  (■  y 


<  t  <  T 

—  —  r 


(24a) 


and 


h'\ 


1  + 


t  >  tr  , 


(24b) 


where  T0“Lj/Rg.  Wich  lg-1^  and  using  Eqs.  (15)  and  (24b),  Che  conducCion 
Clme  is  found  Co  be 


V” 


|^2TT£rcnpevdRg/Vo)  (mpAZ/me)‘ 


(25a) 


For  Tr/xo<  1  and  Cc/tq<  1,  chis  expression  can  be  expanded  giving  Co  firsc 
order 

T  i- 

+  (2irir  n  ev.x  R  /V  )(m  AZ/m  )a  .  (25b) 

c  2  cpoooo  p  6 

Thus,  c  varies  co  firsc  order  in  a  linear  fashion  wich  n  and  chus  can  be 
c  p 

Cuned  by  varying  Che  plasma  densicy.  For  Che  Cypical  parameCers  x^-25  ns, 

1 3  -3  5 

r  -6  cm,  r  -12  cm,  2-5  cm,  n  -2  x  10  cm  ,  v,-7.5  x  10  cm/s,  T  -75  ns, 

c  a  p  a  o 

R  -2  R,  V  -3  MV,  A-12  and  Z-2,  Che  conducCion  cime  is  C  -60  ns.  These  are 
So  c 

represencacion  of  Che  parameCers  for  Che  Gamble  II  experlmencs. 
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After  a  time  t  ,  the  gap,  0,  begins  to  open  during  the  erosion  phase. 

c 

Combining  Eqs.  (15)  and  (16)  and  using  Ig*I^,  fro°  Eq.  (24b)  gives  an 

equation  for  D(t)  which  can  be  integrated  from  t  to  t  yielding 

c 


,t).  f(t-tc)-  jjj  y  (t  t  ^ 

{2nrcnre*qn0Hm?Wme)h  11  c 


(26a) 


This  equation  can  also  be  expanded  to  first  order  to  give 


T5V\r 


,  for  t  >  t 


(26b) 


where  Eq.  (25b)  was  used  to  simplify  the  expression.  To  first  order  then  D 
increases  quadratlcally  in  time  once  the  erosion  phase  begins.  During  the 
typical  nanosecond  timescale  for  the  erosion  phase  the  opening  rate  is  on  the 
order  of  10^cm/s.  The  opening  rate  during  this  phase  is  too  slow  to  explain 
the  experimentally  observed  fast  switching  action.  Because  the  gap  does  not 
open  very  fast,  the  switch  impedance  and  voltage  also  remain  low  during  the 
erosion  phase.  Combining  Eqs.  (17)  and  (24b)  shows  that 


V  (t)  3  1.1  x  10' 


V  02( 

_o _ _ 

lrcRg 


TE-sHiiKif- 


where  one  finds  Vg«  Vq  for  the  typical  parameters  listed  previously  and  for 
D(t)  given  by  Eq.  (26b). 


The  erosion  phase  ends  when  the  switch  current  exceeds  the  critical 


current •  Thus,  the  duration  of  the  erosion  phase,  tg,  can  be  obtained  by 

equating  Eqs.  (24b)  and  (18)  and  substituting  for  D  and  V  from  Eqs.  (26b) 

s 

and  (27)  respectively.  To  first  order  this  gives 


t 


e 


3.75  x  104  t  r  R  /V 
_  0  c  q  o 

K<v  v,2)]'i 


(28) 


where  t  «  t  -t  /2  was  assumed  in  order  to  reduce  the  expression  to  this 

simple  form.  For  the  same  parameters  as  used  previously  t£  *  8  as,  so  that 

the  critical  current  and  ensuing  enhanced  erosion  phase  are  quickly  attained 

-1/4 

in  this  case.  From  Eqs.  (25b)  and  (28)  one  finds  that  te  scales  as  np  , 

thus  varying  the  density  to  tune  the  conduction  time  does  not  greatly  alter 

t  . 
e 

The  duration  of  the  enhanced  erosion  phase  can  be  obtained  by  solving 

Eqs.  (16),  (18)  and  (19)  simultaneously.  During  this  opening  time  it  is 

assumed  that  l)  I  »I  ,  2)  I  —  I  »  I .  even  with  the  enhanced  ion  flow  and  3) 
sc  sei 

I  -I  "const.  over  this  short  time  because  of  the  large  inductance  L..  In 
s  op  1 

addition,  the  drift  velocity  term  in  Eq.  (15)  can  be  dropped  because  the 
enhanced  erosion  term  dominates.  The  enhanced  erosion  time,  t  ,  is  then 
given  by 

t„.l.lxlO-3np(ZA)^F(Vp)(i)  _  (29) 

where  F(Yp)"( (Yp+l  f,2l 3  -  ^/2/3-(Yp+l)1/2+21/^  and  Yp  is  the  peak  electron 
relativlsltic  gamma  factor  reached  during  the  enhanced  erosion  phase.  Note 
that  tQ  depends  strongly  on  the  magnetic  field  at  the  cathode  (Bc~Iop/rc)  at 


Che  time  of  opening.  For  che  same  parameters  as  used  previously  and  with 
Yp»10,  and  Iop»10^  A,  one  finds  tQ  -2.2  ns.  The  final  gap  can  be  obtained 
from  Eq.  (18)  yielding  D(tQp)«0.8  cm,  where  tQp«  t£+  tg+tn. 

Using  t  +  t  as  an  estimate  of  the  switching  time  is  optimistic  since  it 
ignores  any  interaction  with  the  load.  In  fact,  the  current  begins  to  switch 
to  the  load  as  the  switch  begins  to  open.  The  electron  flow  is  being  pulled 
towards  the  cathode  by  the  increasing  magnetic  field  and  eventually  part  of 
the  electron  flow  becomes  magnetically  insulated  at  the  load  end  of  the  switch 
and  leaves  the  switch  region  to  flow  downstream  to  the  load.  This  reduces  the 
enhanced  ion  current  from  its  peak  value  given  in  Eq.  (19)  and  slows  down  the 
opening.  A  similar  ion  current  reduction  occurs  in  magnetically  insulated  ion 
diodes  when  the  applied  field  is  raised  above  the  critical  field.  This 
process  is  further  complicated  if  the  load  impedance  varies  in  time  as  will  be 
the  case  with  electron-  or  ion-diode  loads.  For  example,  a  high  initial  load 
Impedance  (R_>  R  when  the  diode  first  turns-on)  can  last  several  nanoseconds 
and  prevent  rapid  current  switching  until  the  diode  impedance  drops.  Thus, 
the  transition  from  the  enhanced  erosion  phase  to  the  magnetic  insulation 
phase  is  not  well  defined.  Similarly  in  a  real  system  the  distinction  between 
opening  time  and  switching  time  is  unclear  because  of  the  interaction  between 
the  switch  and  load.  Equation  (29)  then  is  only  a  guide  for  scaling  purposes 
in  designing  opening  switches.  A  computer  code  analysis  of  this  complicated 
interaction  is  required  to  give  a  more  accurate  prediction  of  the  switching 
time.  This  is  done  in  the  following  section. 


The  important  scaling  for  the  conduction  time,  erosion  time  and  opening 
time  are  then  found  in  Eqs.  (25),  (28)  and  (29),  respectively.  These  scaling 
laws  give  the  insight  necessary  for  designing  switches  for  different  regimes 
of  operations.  One  final  scaling  law  which  should  be  considered  concerns  the 
axial  acceleration  of  the  plasma.  Although  radial  JxB  forces  were  not 
considered  because  the  current  in  the  plasma  was  assumed  to  be  predominantly 
radial,  axial  JxB  forces  must  be  considered.  The  plasma  should  not  be 
accelerated  downstream  out  of  the  switch  region  before  the  switch  opens. 
Assuming  that  the  plasma  does  not  compress  and  that  the  radial  current  density 
is  uniform,  the  distance  the  plasma  moves  downstream  before  opening  is  just 


*  lo2°'r  'op  *«tVO 


A  In  (r2  -  r2) 
p  a  c 


(30) 


where  G(y)»(y^-2y3+1.5y2-.4y)/(y-.5)2.  Thus  zd<2  is  required  to  hold  the 

plasma  in  the  switch  region  until  opening  occurs.  For  the  parameters  used  in 

2 

the  previous  examples  z  /£~0.4.  Since  G(y)~y  for  y  »  1,  Eq.  (30)  shows 

d 

that  for  long  conduction  times  the  longer  the  switch  remains  closed  (larger 
t  +t  ),  the  lower  the  switch  current  must  be  at  opening.  Assuming  that  z./i. 

C  6  d 

must  be  less  than  unity  and  that  tc»Tr>te,  Eqs.  (25b)  and  (30)  show  that 


t  I  < 
c  op 


2  x  10“4(A/Z)*s  Vr2-  rZ) 
rcVo  *l<ra/rc) 


(31) 


where  Eq.  (10)  with  R  T  /L  *1.25  was  used  to  express  V  /R  in  terms  of  I 

gpl  o  g  o 

This  result,  which  is  independent  of  plasma  density,  clearly  illustrates  the 
trade  off  between  going  to  longer  conduction  times  and  switching  larger 
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currents 


For  the  same  parameters  used  In  the  example  following  Eq.  (25b), 


this  condition  reduces  to  t  I  <0.11.  Since  t  I  ~0.064  for  that  example, 

c  op  c  op 

axial  acceleration  of  the  plasma  was  not  significant,  only  moving  the  plasma  a 
fraction  of  the  switch  length. 


V.  Numerical  Modeling 

A  computer  code  was  developed  to  model  the  switch  operation  in  a 
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realistic  system.  A  transmission  line  code  framework  was  used  to  Include 
transit  time  effects  and  models  for  the  time-dependent  switch  and  diode  load 
impedances  were  developed.  The  transmission  line  elements  were  chosen  to 
simulate  the  Gamble  II  experiments  at  the  Naval  Research  Laboratory  (NRL) . 

The  diode  impedance  model  was  designed  to  exhibit  the  various  aspects  of 

the  impedance  time  history  observed  in  pinched  beam  diodes.  At  first  the 

impedance  is  very  large  (i.e.  an  open  circuit)  until  the  voltage  at  the  load 

reaches  a  critical  turn-on  value  for  a  given  anode-cathode  gajt  ,rv  the  diod*. 

A  turn— on  condition  of  0.4  MV/cm  was  used.  After  turn-on  the  diode  current  is 

ramped  up  from  zero  to  the  Child-Langmuir  space-charge-] imited  current  over  a 

8  ns  period.  The  value  of  8  ns  is  the  typical  turn-on  time  observed  for  pinch 

14 

reflex  diodes  on  Gamble  II  when  dE/dt  ~  10  V/cm/s  in  the  diode  gap.  The 
diode  impedance  is  related  to  the  diode  current  by  R^-V/I  where  the 
space-charge-limited  diode  current  is  a  specified  function  of  voltage.  Once 
the  diode  current  reaches  the  critical  current  [defined  similarly  to  Eq. 
(18)],  the  diode  current  is  limited  to  this  value  because  of  self  magnetic 
field  effects.  The  diode  impedance  is  then  specified  accordingly.  The  diode 
impedance  model  also  accounts  for  gap  closure  by  varying  the  gap,  d,  in  time 


according  to  d*dQ-vct  where  dQ  Is  the  Initial  gap  and  vc  is  the  closure 
velocity.  A  typical  closure  velocity  of  4  x  10^cm/s  was  used,  so  that  after  a 
time  t-dQ/vc  the  diode  impedance  drops  to  zero.  An  initial  gap  of  0.6  cm  and 
a  cathode  radius  of  3.0  cm  was  used  in  all  code  runs  reported  here. 

The  impedance  model  for  the  switch  is  described  in  Section  III  with  the 
switch  impedance  defined  by  R  *V  /I  .  During  the  conduction  phase  the  switch 
is  treated  as  a  short  circuit  so  that  Vs-Rs-0.  During  the  erosion  phase  the 
Impedance  begins  to  rise.  The  switch  voltage,  Vs,  is  specified  by  the 
transmission  line  code  and  Ig(V,  D)  is  given  by  Eq.  (17).  The  gap,  D,  is 
determined  by  integrating  Eq.  (16)  where  Ii  is  given  by  Eq.  (14)  for  Is<  Ic 
and  by  Eq.  (19)  for  Ig-Ic«  Once  the  critical  current,  Ic,  is  reached  and  the 
enhanced  erosion  begins  the  load  current  turns  on  and  the  switch  current, 
I  *1  +1.,  is  restricted  by  Eq.  (20).  For  I  +I.>  I  the  electron  current 

S  6  X  3  C 

across  the  gap  is  completely  magnetically  cutoff  and  the  ion  current  is 
reduced  to  the  single  species  space-charge-limit  current  specified  in  Eq. 
(21).  The  transition  in  1^  from  bipolar  flow  to  enhanced  flow  to  single 
species  flow  is  modeled  after  the  results  found  in  Ref.  14. 

A  schematic  of  the  transmission  line  circuit  for  the  Gamble  II  inductive 
storage,  PEOS  experiment  is  shown  in  Fig.  3.  The  characteristic  Impedance, 
Rg,  for  the  Gamble  II  generator  is  2  ft.  The  open  circuit  voltage  waveform 
which  was  used  to  drive  this  circuit  was  a  fit  to  the  experimentally 
determined  waveform  shown  in  Fig.  4.  When  the  switch  was  kept  closed  for  the 
entire  pulse,  the  code  shows  the  storage  inductor  charged  up  to  a  maximum 
current  of  -0.87  MA.  With  no  switch  in  the  circuit  the  code  shows  a  maximum 
diode  load  current  of  0.4  MA. 


Open  circuit  generator  voltage  waveform  for  Gamble  II  at  35  kV 


The  switch  plasma  parameters  were  chosen  to  be  Z-l,  A-12,  v  -7.5xl06cm/s, 

a 

£■5.7  cm,  r  *6.35  cm  and  r  "11.4  cm  and  n  was  varied.  Figures  5,  6  and  7 

C  dp 
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show  results  from  code  runs  where  the  plasma  density  was  set  at  IxlO  cm  , 


1.5x10  13cm‘3 
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and  2x10  cm 


respectively. 


First  note  that  changing  n^  by  a 


factor  of  two  changes  the  conduction  time  from  -37ns  to  -72ns.  Assuming  that 


T  ~25ns,  T  “75ns,  R  "2Q  and  V  ^MV,  the  estimates  of  -36ns  and  -71ns  from  Eq. 
r  o  g  o 

(25a)  for  the  same  two  conduction  times  are  in  good  agreement. 


The  results  in  Fig.  7  show  switch  opening  close  to  the  time  of  peak 
current  in  the  storage  inductor.  The  switching  time  is  -12  ns  which,  as 
expected,  is  longer  than  the  estimate  tg+tn-9  ns  from  the  analytic  model.  The 
results  displayed  in  Fig.  7  show  a  pulse  compression  of  -2.9,  a  voltage 
multiplication  of  ~2.5  and  a  power  multiplication  of  -1.6  compared  with  that 
obtained  with  a  matched  load.  Assuming  that  Rg-20ft  and  R^-7.5  at  peak  power 
and  that  L^-lSOnH,  L^-ZOnH  and  ~75ns  full-width-half-maximum,  then  the 
lumped  circuit  analysis  of  Section  II  predicts  a  pulse  compression  of 
T  /T -4.7,  a  voltage  multiplication  of  (MR./R^^2- 3.0  and  a  power 

p  —  *8 

multiplication  of  M-2.4.  As  expected,  these  estimates  are  too  high  by  -50% 
because  of  the  simplifying  assumptions  of  instantaneous  opening  and  constant 
load  impedance.  For  the  case  studied  here  transit  time  effects  are 
inslgnif lclant . 


This  transmission  line  code  analysis  which  incorporates  both  the  switch 
impedance  model  described  in  Section  III  and  a  diode  load  impedance  model 
should  be  capable  of  accurately  modeling  experimental  conditions.  In  the 
following  section  results  from  this  code  will  be  used  to  compare  with  actual 
experimental  data. 
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Figure  5^  -  Code  results  with  t»p*lxlO  cm 
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Figure  6  -  Code  results  with  n  >1.5x10  cm 
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Experimental  Comparison 


Experimental  results  from  a  Gamble  II  shot  are  shown  in  Fig.  8.  This 

shot  was  chosen  because  it  clearly  illustrates  many  of  the  physics  issues 

being  studied.  The  insulator  voltage  is  measured  on  the  load  side  of  R  and 

g 

the  switch  voltage  is  just  the  insulator  voltage  corrected  for  Ldl/dt  where  L 
is  the  inductance  between  the  insulator  and  the  switch.  The  foot  on  the 
switch  voltage  from  70  to  90  ns  results  from  not  including  an  IdL/dt 
correction  due  to  the  axial  acceleration  of  the  switch  plasma.  Estimates  of 
this  correction  from  Eq.  (30)  agree  well  with  the  magnitude  of  the  correction 
seen  in  Fig.  8.  Experimentally  the  storage  inductor  current  and  the  load 
current  are  measured  so  that  the  switch  current  as  shown  in  Fig.  8  is  the 
difference  of  these  two  currents.  The  switch  and  load  resistances  are 
calculated  from  V/I  where  the  load  voltage  results  from  a  inductive  correction 
to  the  switch  voltage. 


Even  though  the  switch  opened  before  the  storage  inductor  was  fully 
current  charged,  the  results  show  a  voltage  pulse  compression  of  '-2.7,  a 
voltage  multiplication  of  -2.1  and  a  power  multiplication  of  -1.1  at  the  load 
compared  with  what  one  would  expect  with  a  matched  load  shot.  For  a  fully 
current  charged  storage  inductor  the  simple  lumped  circuit  analysis  of  Section 
II  predicts  a  pulse  compression  of  T  /t  -5.5  for  L.-135  nH  and  R.-8J2,  voltage 

p  “  1  & 

multiplication  of  (MR^/R^ J^^—3.9  and  a  power  multiplication  of  M-3.8  for 

L  -18  nH  and  R  -20(2  at  peak  power.  The  pulse  compression  and  voltage 
2  s 

multiplication  estimates  are  about  a  factor  of  two  higher  than  the 
experimental  results  and  the  power  multiplication  estimate  is  even  higher  than 


those  observed.  There  are  three  reasons  for  these  differences. 
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Figure  8  -  Experimental  data  from  a  typical  Gamble  II  shot. 
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First,  the  switch  was  opened  early  (at  -0.63  MA)  before  the  Inductor  was 

fully  charged  (l«e.  0.87  MA)  and  while  the  generator  was  still  driving  the 

2 

circuit.  Since  the  power  scales  as  I  ,  this  represents  a  factor  of  2  decrease 
in  power.  Second,  the  opening  time  of  the  switch  is  not  instantaneous  as 
evidenced  by  the  -15  ns  risetioe  of  the  switch  resistance  shown  in  Fig.  8. 
The  switching  time  was  thus  determined  by  this  opening  time  rather  than  the 
faster  t:  *L„/R  -1  ns  timescale.  Since  the  switching  time  was  comparable  with 
the  decay  time  of  the  output  pulse  T_-13.5  ns,  the  maximum  voltage  and  power 
delivered  to  the  load  was  limited  as  discussed  in  Section  II.  And  thirdly,  a 
significant  fraction  of  the  load  current  is  diverted  across  the  vacuum  feed 
betweeen  the  switch  and  the  diode.  The  magnetically  insulated  vacuum  electron 
flow  is  apparently  disrupted  after  -7  ns  as  evidenced  by  the  sharp  change  in 
the  slope  of  the  load  current  at  -100  ns  and  damage  on  the  anode  side  of  this 
vacuum  section.  This  degrades  the  power  multiplication  factor  since  it 
reduces  the  load  current  Just  when  the  voltage  is  peaking.  This  lost  load 
current  appears  as  switch  current  in  Fig.  8  because  of  the  way  the  switch 
current  is  calculated.  A  computer  code  anlysis  is  required  to  model  this 
early  opening  situation  as  well  as  the  complicated  Interaction  between  the 
switch  and  load  which  determines  the  switching  time. 


The  transmission  line  code  was  run  to  try  to  more  closely  model  the 

experimental  results.  Since  the  axial  acceleration  of  the  plasma  Is  not 

Included  in  the  code  and  the  magnetically  insulated  flow  is  assumed  stable, 

the  IdL/dt  foot  on  the  switch  voltage  and  the  lost  load  current  will  not 

appear  in  the  numerical  results.  The  plasma  parameters  Z*l,  A-12 , 

v  *7.5  x  10^  cm/s,  2*5.7  cm,  r  *6.35  cm  and  r  *11.4  cm  were  chosen  to  match 
d  c  a 

the  experimental  parameters  and  n^  was  varied  to  find  a  fit  to  the  data  given 
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in  Fig.  8.  The  case  with  n  »1.5xlO  cm  in  Fig.  6  most  closely  fits  the 
experimental  data  in  Fig.  8  with  the  current  beginning  to  switch  at  the  same 
time  in  both  cases. 

The  numerical  results  in  Fig.  6  show  a  peak  switch  voltage  of  "-3.3  MV  at 
'106  ns  compared  with  '3.0  MV  at  '108  ns  for  the  experimental  results.  The 
full -width-half-maximum  voltage  pulse  width  of  '34  ns  for  the  code  results  is 
somewhat  larger  than  the  voltage  pulse  width  of  '28  ns  for  the  experimental 
results.  The  initial  slope  of  the  rising  load  currents  agree  very  closely  but 
after  '7  ns  the  slope  abruptly  changes  in  the  experimental  results. 
Consequently  the  peak  load  current  observed  experimentally  occurs  later  at  a 
lower  voltage  and  is  slightly  smaller  than  that  obtained  in  the  numerical 
results.  This  is  due  to  partial  loss  of  the  magnetically  Insulated  electron 
flow  between  the  switch  and  the  load.  The  same  '15  ns  switching  time  is 
observed  in  both  Fig.  6  and  Fig.  8. 

The  code  results,  which  properly  account  for  the  interaction  between  the 
time  varying  switch  and  load  Impedances  are  in  much  better  agreement  with  the 
experimental  data  than  the  simple  lumped  circuit  analysis  presented  earlier. 
The  numerical  results  in  Fig.  6  give  good  qualitative  agreement  and 
reasonable  quantitative  agreement  with  the  data  in  Fig.  8.  The  results  shown 
in  Figs.  5  and  7  indicate  how  the  conduction  time  can  be  tuned  by  simply 
varying  the  plasma  density. 


The  simple  lumped  circuit  analysis  and  the  transmission  line  analysis  of 
Section  II  provide  insight  into  the  requirements  for  designing  an  inductive 
storage  system  for  pulse  compression  and  power  multiplication.  It  was  found 
that  L^»  L2  and  Rg»  &£»  *s  required  as  well  as  .  *n 
particular,  R^>Rg  Is  required  for  pulse  compression  with  the  output  pulse 
width  limited  to  a  minimum  of  2X^.  Estimates  of  pulse  compression  and  power 
multiplication  were  only  within  a  factor  of  2  of  the  experimentally  observed 
values  because  this  analysis  assumed  that  the  switch  opened  instantaneously 
and  that  the  load  had  a  constant  resistance  in  time.  The  numerical  modeling 
found  in  Sections  V  and  VI,  however,  does  properly  Include  the  time  dependence 
of  the  switch  and  load  Impedances  as  well  as  transit  time  effects  which  are 
important  in  certain  applications.  The  code  results  give  good  qualitative 
agreement  as  well  as  reasonable  quantitative  agreement  with  experimental 
results. 


The  switch  impedance  model  used  in  this  code  is  based  on  the  physics 
understanding  of  how  the  switch  operates  as  discussed  in  Section  IV.  The 
switch  goes  through  four  phases.  The  conduction  phase  lasts  tens  of 
nanoseconds  and  ends  when  the  ion  current  drawn  across  the  switch  gap  exceeds 
the  plasma  flux  providing  ions  to  the  surface  of  the  switch  plasma.  The 
erosion  phase,  which  then  commences,  typically  lasts  for  a  few  nanoseconds  as 
the  surface  of  the  switch  begins  to  erode  away.  Once  the  current  exceeds  the 
critical  current,  the  enhanced  erosion  phase  begins  and  provides  the  fast  gap 
opening  required  for  pulse  compression  and  power  multiplication.  The 
mechanism  responsible  for  fast  gap  opening  in  this  model  is  the  enhancement  of 
the  ion  current  due  to  redistribution  of  the  electron  space  charge  in  the 
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presence  of  strong  magnetic  fields,  similar  to  the  phenomena  observed  in 
pinch  beam  diodes-  This  phase  typically  lasts  on  the  order  of  a  couple  of 
nanoseconds  and  is  followed  by  the  magnetic  insulation  phase.  Here  the  elec¬ 
tron  flow  at  the  load  end  of  the  switch  region  becomes  magnetically  insulated 
as  the  current  switches  to  the  load.  Scaling  laws  for  estimating  these  time- 
scales  were  derived  in  Section  IV.  Of  particular  importance  is  the  scaling 
for  the  conduction  time  which  was  found  to  vary  approximately  linearly  with 
density.  The  actual  switching  time,  however,  involves  a  complicated  incer- 
action  between  the  switch  and  the  load  and  requires  the  transmission  line  code 
analysis  for  an  accurate  estimate. 

This  work  provides  a  basic  understanding  of  PEOS  operation,  however, 
there  are  still  many  questions  left  unanswered.  For  example,  the  physics  of 
the  current  flow  in  the  plasma  was  not  treated.  Future  work  will  include  this 
and,  in  particular,  will  study  two-dimensional  effects  such  as  the  current 
distribution  in  the  plasma.  The  resulting  JXB  forces  on  the  plasma  can  affect 
gap  opening  as  well  as  cause  the  gap  to  open  differently  along  the  axis. 
Understanding  the  mechanisms  controlling  the  loss  of  magnetically  insulated 
flow  between  the  switch  and  the  load  will  also  be  pursued  so  that  this  current 
loss  can  be  minimized  or  even  eliminated.  Finally,  the  code  developed  here 
will  be  used  as  a  guide  in  designing  new  experiments  using  the  PEOS. 
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